ABSTRACT In this paper, a low-profile tripolarized antenna with the wideband operation is presented. It includes a monopolar patch element for vertically linear polarization (LP) omnidirectional radiation in the horizontal plane and two orthogonal dipoles for x-and y-direction LP broadside radiations. In order to achieve the wideband, nevertheless keeping the low-profile, the monopolar patch antenna is coupled with an annular ring, while the two orthogonal dipoles are incorporated with a metasurface. Optimized design with a profile of 0.09λ min (λ min is the free space wavelength referring to the lowest operational frequency) has been fabricated and measured. The measurements result in an overlapped bandwidth of 24.45% (2.19-2.80 GHz) for reflection coefficient < −10 dB and coupling coefficients of < −30 dB among the three ports. In addition, the antenna yields measured peak gains of 8.4 and 9.5 dBi in monopolar mode and two broadside modes, respectively.
I. INTRODUCTION
In order to mitigate the effects of multipath propagation and increase the channel capacity with a total factor of 3, Andrews et al. [1] suggested a revolutionary concept of tripolarized antenna, which consists of three orthogonal linear polarization (LP) elements. For the experimental demonstration, an antenna composed of three orthogonal half-wavelength dipoles at 880 MHz was employed. This antenna system achieved a radiation efficiency of more than 95% and coupling of less than −25 dB among the three ports. Following [1] , different tripolarized antennas [2] - [6] with printed dipoles, slotted antennas, loop antennas, and inverted-F antennas, were presented for the multiple-input multiple-output (MIMO) systems. These tripolarized antennas with physical cubic configuration are, however, unsuitable for applications that restrain the antenna height. To realize tripolarized antennas with a low-profile configuration, several designs have been developed recently. In [7] , two orthogonal-slots coupled with a circular patch and a disk-loaded monopole were integrated into one structure
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with profile of 0.09λ min (λ min is the free-space wavelength at the minimum operating frequency). The design concept in [7] was further developed to realize a tripolarization antenna with 0.048λ min profile [8] . Furthermore, this design was exploited for on-body communications [9] and was used to build the eight-port MIMO antenna cube [10] . The low-profile antenna in [11] utilized two slotted antennas for x-and y-directional LP wave and one half-mode substrate integrated waveguide antenna for z-directional LP wave. Also, the tripolarized antennas with omnidirectional and dual-polarized broadside radiation patterns can be obtained by different configurations, such as combination of monopolar patch and annular patch antenna [12] , planar slotted antenna [13] , single-layer patch antenna with different mode excitations [14] , cylindrical dielectric resonator antenna [15] , and ring antenna [16] . A common drawback of all aforementioned designs is the narrow impedance bandwidth. A tripolarization patch antenna with quasi-cross-slot and capacitive coupling feed [17] was achieved an overlapped bandwidth of 13.16% (2.13 -2.43 GHz) and a profile of 0.075λ min . It is noted that a relatively large bandwidth is typically achieved by increasing the height to a quarter wavelength [18] . To extend the bandwidth while keeping a low-profile configuration, i.e. less than 0.1λ min , the authors in [19] reported a tripolarized antenna consisting of a monopolar patch for vertically LP omnidirectional radiation and two crossed dipoles for x-and y-direction LP broadside radiations. This design with a 0.09λ min profile yielded a measured bandwidth of 14% and peak gains of 7.5 dBi and 10 dBi for the monopolar and broadside modes, respectively. This paper further developed the concept in [19] to demonstrate a different realization with even wider operating bandwidth while keeping the height profile and structure complexity the same. It should be emphasized that due to the multi-port operation nature of this type of antenna, the bandwidth enhancement is a significant challenge as the bandwidth needs to be improved for all excitation ports. To achieve this, the proposed design utilizes a monopolar patch element with shorting vias and coupled annular ring together with a metasurface inserted between two crossed dipoles and this monopolar patch. The final design with a profile of 0.09λ min achieves an overlapped impedance bandwidth of 24.45% from 2.19 to 2.80 GHz and coupling coefficients of less than −30 dB among all ports. This shows a substantial improvement in the bandwidth relative to the prior [19] with the same height profile. The experiment results verify that the proposed design yields excellent radiation characteristics in the monopolar and two broadside modes across the whole bandwidth.
II. ANTENNA DESIGN AND CHARACTERISTICS

A. ANTENNA PRINCIPLES
The classical tripolarized antenna is realized by 3 orthogonal dipoles, as shown in Fig. 1(a) . For applications of integrating onto a large metallic platform such as vehicle roofs and aircrafts, a low-profile configuration is typically required. Fig. 1(b) shows the concept design of a low-profile tripolarized antenna. In this case, the vertical electric dipole can be realized equivalently as a monopolar patch which operates as a magnetic current loop. The monopolar patch works as a ground plane for the two orthogonal dipoles in x, y directions. The realization of wideband performance for this antenna requires both monopolar patch and two orthogonal dipoles to have a large impedance bandwidth. This is challenging due to the fact that 1. The monopolar patch with thin thickness typically has a sharp resonance. 2. The dipoles only operate efficiently when placed at a distance of λ/4 above a ground plane.
The next section will demonstrate the proposed techniques to enhance the bandwidth of all antenna elements while keeping a low-profile configuration.
B. ANTENNA GEOMETRY
Figs. 2(a) and (b) show the perspective-view and side-view of the proposed low-profile wideband tripolarized antenna, respectively. As can be observed, the structure follows the principle in Fig. 1, i .e. consisting of two crossed dipoles (in x, y-direction) on top of a monopolar patch. The bandwidth of this monopolar patch is significantly enhanced using shorting vias and coupled annular ring. The monoplar patch and coupled ring were placed on the top side of substrate 1 (h 1 ), which was suspended above the ground plane (GND) by an air-gap (H a ). The shorting vias passed through the air-gap and substrate 1 for a connection between the monopolar patch and the ground plane. The monopolar patch was directly excited by a 50-coaxial line at the center [see Port 1 in Fig. 2(a) ]; i.e., the outer-part of the coaxial line was connected to the GND, whereas the inner-part extended through the air-gap and substrate 1 to connect to the patch.
For generating the x-and y-direction LP broadside radiations, two horizontal crossed-dipoles were designed above the top of the monopolar patch, which also served as a ground plane of these dipoles. This is different from [20] where a patch was used instead, which resulted in a more complicated feeding structure, higher antenna profile and only two polarization states. In order to achieve a low-profile and provide wideband operation, in this design, a metasurface was inserted between the crossed dipoles and the monopolar patch. The top-view of the dipoles with metasurface is shown in Fig. 5 (a). The metasurface was a periodic slotted lattice on the top side of substrate 2 (h 2 ). The dipoles were printed on the top side of substrate 3 (h 3 ). The three substrates 1 ÷ 3 were separated from each other at distances of H b and H d , respectively. Two printed U-shaped baluns, which were orthogonal each other, were used to excite the horizontal dipoles. The detail geometry of the baluns is illustrated in Fig. 2 (c). The balun is modified based on the integrated baluns [21] , [22] , which acts as a microstrip-to-slot line transformer. Each balun consists of a folded microstrip-line connected to the feed line, and a rectangular slot etched on the ground plane. The impedance matching over broad frequency range is achieved by adjusting the folded line and rectangular slot. The shorting vias on −x and +y axes were replaced by two 50-coaxial lines [see Ports 2 and 3 in Fig. 3(a) ], which are the inputs of the baluns. These coaxial feeding is an interesting feature, as it still plays as a shorting for the monopolar patch, thus does not affect the monopolar mode performance. The primary components of the proposed antennas, including monopolar patch with coupled annular ring, metasurface, baluns, and dipoles, were built on FR4 substrates with ε r = 4.4 and tanδ = 0.02 for a low-cost design.
C. ANTENNA OPTIMIZATION
The proposed tripolarized antenna was designed and optimized using the ANSYS Electronics Desktop for a lowprofile, wide overlapped bandwidth, and high isolation among the three ports at the center frequency of 2.45 GHz. In order to save the computational time and computer resource, the monopolar patch antenna with coupled ring and the crossed dipoles with metasurface were first optimized independently, and then the optimal ones were combined for the final design. Due to the low mutual-coupling between the elements, the combination did not affect the antenna performances. Referring to Figs. 2, 3(a), and 5(a), the design parameters of the proposed antenna are shown in Table 1 . The following section will discuss the bandwidth optimization in more details. Different from the prior [19] , [19] (results are obtained with whole antenna structure). the proposed antenna utilizes a monopolar patch with coupled annular ring to broaden the vertically LP radiation bandwidth. The presence of the coupled ring produced a resonant frequency [23] , which was merged with the two resonant frequencies generated by the circular patch and the shorting vias to achieve the bandwidth improvement in the monopolar mode. The improvement is illustrated in Fig. 3(b) , which shows simulated reflection coefficient @ Port 1. It is observed that the monopolar-mode bandwidth of the proposed antenna is significantly improved relative to the prior. The reference antenna yielded a reflection-coefficient < −10 dB bandwidth of 15% (2.28 -2.65 GHz) with two resonant frequencies at 2.34 GHz and 2.57 GHz, whereas the bandwidth of the presented one is 25% (2.19 -2.81 GHz) with three resonant frequencies at 2.25 GHz, 2.62 GHz, and 2.77 GHz. The bandwidth improvement is accompanied with a size extension, nevertheless keeping the same profile.
In order to clarify the improvement in the monopolar mode, the current distributions on the monopolar patch with shorting vias and coupled ring were calculated at the three resonances (2.25 GHz, 2.62 GHz, and 2.77 GHz) and given in Fig. 4 . It is observed that the first resonance is generated by the shorting vias, the second resonance is caused by the coupled ring, while the third one is caused by the monopolar patch.
As the bandwidth for the monopolar patch is enhanced, the bandwidth of the dipole should also be increased to a compatible bandwidth. In [19] , parasitic patches were used to enhance the bandwidth to 14% by exciting the slot between the patches [24] . In the current design, since the target is to reach 25% bandwidth, using parasitic patches is not sufficient. Instead, a metasurface [25] which can provide near-zero reflection phase in a wide bandwidth is implemented.
The metasurface has been designed to act as an artificial magnetic conductor (AMC) surface for the low-profile and radiation efficiency of the crossed dipoles. For simplicity, a squared-patch unit-cell is chosen for the metasurface. First, this unit-cell is simulated and optimized using the ANSYS Electronics Desktop to provide a wideband reflection phase performance covering the targeted bandwidth, i.e. 2.25 GHz to 2.75 GHz. Second, due to the circular configuration of the whole structure, the metasurface is truncated by a circle with radius of R m . This metasurface is then placed below the dipoles and R m is optimized for a wideband performance. It is noted that R m is chosen small enough so that the metasurface does not interfer with the operation of the monopolar patch [ Fig. 2(a) ]. It should also be chosen large enough such that it operates effectively as a periodic structure to provide wideband performance [26] .
The final optimized structure is a non-uniform metasurface with 3 different cells [ Fig. 5(a) ]. The reflection phase for each cell is shown in Fig. 5(b) . It can be seen that the dominant cells, i.e. Cell #1 and Cell #2, provide a wideband performance (phase from −90 • to +90 • ) in the targeted band. Although the operating frequency of Cell #3 is higher, it should not have much effect on the final performance since there are only 4 Cell #3 placing at the metasurface edge. Fig. 5(c) shows the simulated reflection coefficients @ Ports 2 and 3 of the proposed design. The simulations resulted in a bandwidth of 32.4% (2.12 -2.94 GHz) for −10 dB reflection coefficient at both ports, which completely covers the bandwidth of the monopolar patch antenna with coupled annular ring. 
III. MEASUREMENT RESULTS
For verification, the low-profile wideband tripolarized antenna was fabricated and measured. Fig. 6 shows a fabricated sample of the proposed antenna. The monopolar patch with coupled annular ring, metasurface, baluns, and crossed dipoles are realized on FR4 sheets via the printed circuit board technology. All components were collocated on a 24-cm diameter ground plane, which was realized from 0.2-mm copper sheet. The simulated and measured reflection and coupled coefficients of the fabricated prototype are given in Fig. 7 . It is observed that the measurement results agree quite closely with the predictions. As shown in Fig. 7(a) , for the monopolar mode, the measurements resulted in a |S 11 | < −10 dB bandwidth of 2.19 -2.80 GHz (24.45%), whereas the simulated value was less than −10 dB from 2.19 -2.81 GHz (25%). For the two broadside modes, the measurement resulted in a reflection coefficient < −10 dB bandwidths of 29.9% (2.13 -2.88 GHz) and 27.9% (2.13 -2.82 GHz) for Ports 2 and 3, respectively, the simulated value was 32.4% (2.12 -2.94 GHz) for both ports. The bandwidths of the broadside modes completely cover the operational frequency range of the monopole mode, and therefore, the antenna has an overlapped impedance bandwidth of about 24.45%. This shows a significant improvement relative to 14% bandwidth of the reference [19] . As shown in Fig. 7(b) , both measurement and simulation showed low couplings among the three ports of the fabricated prototype. Within the overlapped bandwidth, the measurements resulted in coupling coefficients of less than −30 dB, while the simulated ones were less than −36 dB.
The simulated and measured gain patterns of the antenna prototype at 2.25 GHz, 2.50 GHz, and 2.75 GHz are given in Figs. 8÷10, respectively. Again, the measurements show a good agreement with the predictions. Both measurement and simulation demonstrate that the proposed antenna provides three orthogonal polarizations at the three ports. The measurements resulted in a higher cross-polarization as compared to the simulations. This is attributed to the imperfection of the chamber as well as the effects of thin tapes, which were used to fix the antenna in the setup of far-field measurements. In Fig. 10(a) , a slight discrepancy between the measurement and simulation is attributed to the effect of metallic racking in the measurement setup. Also, there is a slight difference between the measured cross-polarization in the x-z and y-z planes. This is due to the far-field measurement processes, which were separately carried out for the x-z and y-z planes. Fig. 11 shows measured and simulated gains of the fabricated antenna. For the monopolar mode, the measurements resulted in a gain of 5.8 -8.4 dBi, whereas the simulated gain was 7.0 -9.0 dBi. The measurements resulted in a gain of 6.4 -9.5 dBi and 7.0 -9.0 dBi for Port 2 or Port 3 excitations, respectively, whereas the simulated values were of 7.7 -11.0 dBi for both ports. The measured gains are slightly lower than the simulated values. This discrepancy is attributed to the higher loss-tangent substrates and the losses from the soldering of the fabricated prototype. The measurement radiation-efficiency has not been conducted due to the limitation of the anechoic chamber. Nevertheless, the fullwave numerical simulation predicts a radiation efficiency of > 95% and > 75% for the monopolar and broadside modes, respectively. With the good agreement in terms of radiation pattern and gain measurement between the measurement and simulation (Figs. 8 ÷ 11) , the actual efficiency can be estimated to be reasonably close to the simulated values. The higher radiation efficiency for port 1 excitation is due to the use of an air-gap between the GND and substrate 1, while the losses from the lossy FR-4 substrates lower the radiation efficiency for port 2 and port 3 excitations. Furthermore, the simulation predicts that the radiation efficiency can be close 100% if higher quality substrates are used for realizing all components.
The key performances of the proposed antenna and the recent tripolarized antennas are summarized in Table 2 . It is clearly observed that our design achieved a significant improvement in the overlapped bandwidth while remaining a small height and a low coupling among the excitation ports. Although the bandwidth improvement is accompanied with a larger footprint, the proposed antenna is very attractive for the applications where their footprint extends are not restricted (e.g. mounted on platforms).
IV. CONCLUSION
A low-profile wideband antenna with tripolarized radiation has been presented. The tripolarization includes a vertically LP with omnidirectional radiation in the horizontal plane and x-and y-direction LPs with broadside radiation. The wideband vertically LP wave is generated by a monopolar patch with shorting vias and coupled annular ring, while the other polarizations are generated by two horizontal crosseddipoles. To achieve the wideband operation and reduce the height, the crossed-dipoles are incorporated with a metasurface. The final design with 0.09λ-profile yielded an overlapped bandwidth of 24.45% (2.18 -2.78 GHz) and a coupling coefficients of < −30 dB among the three ports. The antenna achieved the peak gains of 8.4 dBi and 9.5 dBi in monopolar mode and two broadside modes, respectively. With several advantages-including tripolarization, simple configuration, low profile, wideband-the proposed antenna can be widely used in the platform-mounted applications. For examples, our design is good candicate for the indoor access-points of the WLAN, WiMAX, and LTE systems, as well as other wideband wireless communications. 
